This article is available online at http://www.jlr.org Supplementary key words fatty acid desaturase • isolated population • genetic association Several changes in diet over the past century are hypothesized to have been maladaptive, thereby leading to an increase in the incidence of numerous chronic diseases in developed countries ( 1, 2 ). Many of these diseases (obesity, diabetes, asthma, allergies, arthritis and chronic joint disease, dementia, and cardiovascular disease) have a substantial infl ammatory component ( 3-6 ) with notable cooccurrences ( 7, 8 ) . Perhaps no changes in the modern diet have had a greater impact than the quantitative and qualitative changes in fat consumption. While the percentage of energy from fat ( ‫ف‬ 35%) is thought to be similar in ancestral and contemporary Western diets, the concentrations and ratios of the types of fat that humans eat ( 9, 10 ) have shifted, with marked increases in saturated and omega-6 ( 6) fatty acid consumption. Importantly, these changes have been suggested to alter human health and the incidence of chronic infl ammatory diseases ( 11-13 ).
majority of the 13 generations on Tangier Island up to the contemporary population, subsistence has been almost exclusively devoted to fi shing and crabbing. Due in part to topographical limitations on Tangier Island (i.e., marshy wetlands), kitchen gardens were not common at the time of this study and access to fresh produce was limited to weekly shipments from the mainland and relatively costly to islanders. Ironically, and despite the substantive intake of protein from fi sh and shellfi sh, participant observation studies and nutritional surveys collected from 1993 to 2001 implicated an island-wide diet very high in 6 fatty acids (Barnes et al., unpublished observations).
A total of 453 individuals were recruited, corresponding to 68.2% of the total population residing on the island in 2001. All participants are connected in a single, 13-generational pedigree with an average inbreeding coeffi cient refl ective of an avoidance of close consanguinity (average F = 0.003 per mating summed over an average number of paths connecting each pair = 300) ( 26, 27 ) . All subjects gave written, informed consent as approved by The Johns Hopkins University Institutional Review Board. Subject characterization included (1) an interviewer-administered standardized questionnaire from which data on age, gender, and smoking exposure were obtained and (2) peripheral fasting blood collection for fatty acid measurements and DNA isolation for genotyping.
Fatty acid levels
Serum was isolated from fasting whole blood samples of 224 individuals (49% of eligible participants) and fatty acids analyzed as described below. A panel of twenty-two 3 and 6 fatty acids was quantifi ed by gas chromatography with fl ame ionization detection ( Table 1 ). Fatty acid methyl esters (FAME) were prepared ( 28 ) from duplicate serum samples (100 l) following as previously described ( 29 ) . Individual fatty acids are expressed as percent of total fatty acids in a sample.
Ten PUFAs were selected for inclusion in the genetic analyses on the basis of their biological relevance in the metabolic pathway outlined in Fig. 1 . These included linoleic acid (LA), ␥ -linolenic acid (GLA), ␣ -linolenic acid (ALA), stearidonic acid (SDA), dihomo-␥ -linolenic acid (DHGLA), arachidonic acid (AA), eicosapentanoic acid (EPA), adrenic acid (ADA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA) ( Table 1 ) . To better elucidate the role of the genetic variants in the FADS gene cluster, we also analyzed derived phenotypes (i.e., ratios derived from specifi c combinations of PUFAs) that included the precursor and product PUFAs at the pivotal metabolic steps identifi ed in Fig. 1 . The ratios included (i) enzymatic activity in the total pathway in 6 series (TP 6) defi ned as (AA+ADA)/(LA+GLA+DHGLA); (ii) enzymatic activity in the total pathway in 3 series (TP 3) defi ned as (EPA+DPA)/(ALA+SDA+eicosatetraenoic acid [ETEA]); (iii) Fatty acid desaturase 1 (FADS1) activity in the 6 series (FADS1 6) defi ned as (AA+ADA)/DHGLA; (iv) FADS1 activity in the 3 series (FADS1 3) defi ned as (EPA+DPA)/ETEA); and (v) FADS2 activity in the 6 series (GLA/LA).
Genotyping
We selected 16 SNPs in genes previously identifi ed as associated with the above-mentioned PUFAs and ratios ( 20-22, 24, 25, 30 ) ( Table 2 ). Tagging approaches ( 31 ) show that these 16 SNPs captured 100% of the genetic variation in a 102Kb region on chromosome 11q13.1 harboring the FADS1_FADS2_FADS3_ CR11orf cluster in the Utah residents with Northern and Western European ancestry from the CEPH collection (CEU) population in HapMap (http://hapmap.ncbi.nlm.nih.gov/). SNPs were genotyped using the 5 ′ nuclease allelic discrimination Taqman® assay with allelic specifi c probes on the ABI Prism 7900HT Sequence Detection System (Applies Biosystems, Foster City, CA) PUFAs directly impact normal and pathophysiologic responses through their capacity to be converted to potent bioactive products (such as prostaglandins, thromboxanes, leukotrienes, and lipoxins), to regulate cellular receptors or to modulate the expression of genes that control immune responses (14) (15) (16) (17) (18) . The MC-PUFAs linoleic acid (LA; C18:2 6) and ␣ -linolenic acid (ALA; C18:3 3), which are the precursors of more unsaturated and longer chain 6 and 3 PUFAs, respectively, are considered essential because they must be obtained from the diet. Once ingested by mammals, these MC-PUFAs are converted to other more desaturated MC-PUFAs and eventually to LC-PUFAs by the alternate actions of fatty acid desaturases (FADS) and FA elongases ( Fig. 1 ). To date, three members of the FADS gene family ( FADS1-3 ) have been discovered. Their gene products appear to be pivotal in the conversion of MC-PUFAs to LC-PUFAs ( Fig.  1 ) . These desaturase genes are localized to a 1.4Mb region on chromosome 11, and they are speculated to have arisen during human evolution through the mechanism of gene duplication, as evidenced by their high degree of sequence identity (62-70%) and almost identical intron/ exon organization ( 19 ) . Candidate gene studies have focused on the contribution of genetic variants in FADS1 and FADS2 to circulating and cellular levels of PUFAs. These studies have relied on a subset of single nucleotide polymorphisms (SNP) that appear to adequately tag the variation in this genomic region (20) (21) (22) (23) (24) . Additionally, a recent genome-wide association study (GWAS) ( 25 ) found little evidence of association for loci outside of 11q12-13. However, the effects of genetic loci can be diffi cult to fully interpret when a proportionally large source of total phenotypic variation in the quantitative trait distribution comes from genetic heterogeneity and sources other than genetics (i.e., dietary variation in fatty acid intake). Consequently, there is a need to test these associations in cohorts that are not ascertained on the basis of any specifi c infl ammatory disease and for which environments are homogeneous. To address these important issues, we examined the role of FADS in PUFA metabolism in a fully ascertained, geographically isolated (island) population (Tangier Island, Virginia).
METHODS

Study population
Tangier, Virginia, is a three-by-one mile marshy island situated close to the mouth of the Chesapeake Bay, 12 miles from the nearest mainland port (Crisfi eld, Maryland). At the time of subject recruitment (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) , the population was composed of approximately 650 individuals, and the isolated nature of the island has led to sustained low levels of inbreeding ( 26 ) . Briefl y, the average inbreeding coeffi cient (F) for the entire Tangier Island population (dating back to 1722) is 0.009 (range, 0.000-0.156; n = 3,512). While in the early cohorts, close consanguinity contributed to inbreeding, in the later cohorts, as is typical with a relatively isolated island population, there was a conscious avoidance of close mating and the observed inbreeding levels were a result of older lines of more distant relationships. For the by guest, on August 28, 2017 www.jlr.org correlation test. Quality control assessments for the genotype data included evaluation of the minor allele frequency (MAF) and Mendelian inconsistency checks. Tests for Hardy Weinberg were not performed in these data because there were a small number of true founders (only 19 individuals did not trace their ancestry to the original founders of 1722) in the set of genotyped individuals and isolated/inbred nature of the population violates the core assumption of Hardy Weinberg Equilibrium rules, rendering the test invalid. Linkage disequilibrium (LD) was assessed using D' and r 2 within Haploview ( 32 ) relying on all individuals in the population (not optimal but necessary given the limited number of genotyped individuals identifi ed as true founders).
according to standard laboratory protocols. Primers and probes were designed and manufactured by Applied Biosystem. Ten percent of the samples were genotyped in duplicate with a100% reproducibility.
Statistical analysis
The Kolmogorov-Smirnov test was performed to evaluate normality of the variables, and variables were suitably transformed where necessary to approach normality as is assumed in the tests for association described below. Sensitivity analysis was performed to evaluate the infl uence of any outliers in distribution; repeating analyses with and without the outlier observations. Correlation between quantitative variables was assessed by the Pearson's Fig. 1 . Biosynthetic pathway of 3 and 6 polyunsaturated fatty acids (PUFAs). Fatty acids are obtained from the diet or by de novo FA synthesis (upper left), which builds saturated fatty acids (SFA) by 2-carbon unit increments to the 18-carbon stearic acid (C18:0; i.e., 18 carbons with no double bonds) and takes place in all organisms. Stearoyl coenzyme A desaturase 1(SCD1) initiates fatty acid desaturation and generates the precursors of the ω-7 and ω-9 series fatty acids (upper left). The lack of ⌬ -12 and ⌬ -15 desaturase (dashed box) in animals renders linoleic acid (LA) and ␣ -linolenic acid (ALA) essential fatty acids (**) and thus must be obtained from the diet, generally from plant-derived sources. The synthesis of ω-9 (derived from oleic acid, 18:1ω9; series not shown), ω-6 (from LA, 18:2ω6) and ω-3 (from ALA, 18:3ω) PUFAs proceeds in parallel, with the activity of ⌬ -6 desaturase (FADS2) thought to be the rate-limiting step in PUFA synthesis. In animals and organisms at the base of the food chain, LC-PUFAs are synthesized by alternating actions of elongases (red arrows) and desaturases (blue arrows). In mammals, a variety of enzymes (green arrows) generate numerous bioactive derivatives from ω-6 (DHGLA and AA) and -3 (EPA, DHA) PUFAs that have numerous targets and functions throughout the body. With the exception of the series-1 prostaglandins (PG), thromboxanes (TX), and leukotrienes (LT) derived from DHGLA, the 6-derived lipid mediators (series-2 and -4) tend to have proinfl ammatory actions. Like the series-1 lipid mediators, the series-3 and -5 metabolites of 3 PUFAs generally exhibit less infl ammatory to anti-infl ammatory properties. AA, arachidonic acid; DHGLA, dihomo-gamma-linolenic acid; EPA, eicosapentanoic acid; FADS, fatty acid desaturase. signifi cant SNPs, each with its main effects, was also run in an attempt to decipher the SNP with the strongest independent contribution in this region. Locus-specifi c variation, the phenotypic variance in each PUFA that can be attributed to the specifi c SNP under consideration, was calculated using the estimated allele frequency, total phenotypic variance, and the three estimated genotypic means and standard deviations ( 33 ) assuming no dominance effects.
A total of 15 tests of association were conducted for each of 16 SNPs for a total of 240 statistical tests for association. A Bonferroni approach to maintain a family-wise error rate of 0.05 is stringent given the high correlation between SNPs in this region and the correlation between derived ratios and individual traits that were used for their derivation. Nonetheless, signifi cance was evaluated at both at the nominal level ( P < 0.05) as well as the Bonferroni threshold ( P < 2.08 × 10 Ϫ 4 ).
RESULTS
Clinical characteristics of the study subjects (N = 224) are presented in Table 1 . The average age was 46.65 ± 21.15 years, and 38% were male. Distribution of age and gender in the subset of Tangier Island residents included in this study is not different in age (44.6 ± 21.8, P = 0.112) or gender (42%, P = 0.114) from that in the fully ascertained sample (N = 453).
A summary of the fasting serum fatty acid profi le is presented in Table 1 . Palmitic acid constituted the highest proportion of total fatty acids (26.6%, saturated fatty acid) followed by linoleic acid (24.8%, an essential MC-PUFA), oleic acid (22.1%, monounsaturated fatty acid), and stearic acid (13%, saturated fatty acid). There was a signifi cant association between serum fatty acids and age for myristic acid (r 2 
001). With the
Given the complex nature of the pedigree, the single 13-generation-deep pedigree that included >4,000 members was considered at the nuclear family level. Individuals were clustered based on membership in a single sib-ship (i.e., all individuals that shared a parent were given the same cluster number) without the duplication of any individuals (i.e., only siblings were included in the cluster, parents and offspring of the siblings were each included in their own sibling-specifi c cluster). Tests for association were then performed in a linear regression framework under an additive model at each SNP; coding each SNP on a linear scale of 0/1/2 for 0, 1, or 2 copies of the minor variant allele. The regression models were implemented in the generalized estimating equation (GEE) framework with an exchangeable covariance matrix to correct for sibship clustering. Age and sex were included as covariates in the model. One fi nal model including all vidual PUFAs, especially AA, were more pronounced when analyzed as ratios, which estimate the biosynthetic capacity of PUFA formation (TP 6, TP 3) and FADS activities (FADS1 6, FADS1 3, and FADS2). All three ratios met the strict Bonferroni thresholds for these SNPs, with the strongest association for the ratio that measures FADS1 activity in the 6 series (FADS1 6 defi ned as AA+ADA/ DHGLA, P values: 2.11 × 10 Ϫ 13 -1.8 × 10
). For all tests of association that were nominally significant (i.e., P < 0.05; Fig. 3 , panel A) , the specifi c allele associated with increases in the quantitative phenotype are presented ( Fig. 3 , panel B) . The same allele is consistently associated with increased trait values for each fatty acid, with the exception of DHGLA. Specifi cally the allele associated with higher concentrations of AA, GLA, EPA, DHA, and ADA are all associated with a lower concentrations of DHGLA across the signifi cant SNPs. Pair-wise correlations between DHGLA and AA, GLA, EPA, DHA, and ADA were all positive (r2 = 0.367, 0.294, 0.131, 0.222 and 0.484, respectively; supplementary Table II). Fig. 4 presents a closer examination of the allelic effects for the rs174537 genotypes (GG = 51%, GT = 39%, and TT = 10%), the SNP most strongly associated high plasma PUFA concentrations in the recent GWAS ( 25 ) , and AA, DHGLA, and FADS1 activity in the 6 series (FADS1 6) in the Tangier population. The proportion of variance explained by the additive effects of rs174537 was 10% for AA and 6% for DHGLA, but considerably higher (24%) for FADS1 6. Individuals with the GG exception of palmitic acid ( P = 0.005), linoleic acid ( P = 0.037), eicosapentanoic acid ( P = 0.010), and docosapentaenoic acid ( P = 0.004), there were no differences in fatty acid concentrations between genders (data not shown). Ten fatty acids, all PUFAs, were selected for further association analyses ( Table 1 ) .
MAFs of the 16 genotyped SNPs ranged from 17.4 to 47.3% ( Table 2 ) and were similar in the subset with PUFA data to the full Tangier sample. Considerable LD was observed for the 16 SNPs with one large block of LD identifi ed according to the algorithm of Gabriel et al. ( 31 ) , extending 43kb from rs174537 in C11orf10 to rs99780 in intron 1 of FADS2 and including all genotyped SNPs mapping to FADS1 ( Fig. 2 ) . A second block of 3kb, extending from rs498793 in intron 6 of FADS2 to rs174611 in intron 7 of FADS2 , was also observed ( Fig. 2 ) . The values of r 2 ranged from 0.93 to 1 in both blocks. These LD patterns are similar to the HapMap CEU reference sample (http:// hapmap.ncbi.nlm.nih.gov/).
Using a heat map of signal intensity ( Fig. 3A ) , the strongest associations were observed for a cluster of SNPs in the FADS1 gene (rs174537, rs174545, rs174546, rs174553, rs174556, rs174561, rs174568, and rs99780) and AA ( P values: 1.6 × 10 Ϫ 7 , 2. , respectively; see also supplementary Table I ). All associations met the strict Bonferroni thresholds. Similar associations were observed for GLA, DHGLA, ADA, and DHA, albeit at lower signifi cance thresholds for which only a few survived the Bonferroni correction. Of interest, associations for indi- The P values of these association tests are shown in Panel A, and the specifi c allele associated with an increased mean trait value for each phenotype is shown in Panel B for all tests, where P < 0.05. Color key mapping P values and alleles to specifi c color codes are displayed. Abbreviations: AA, arachidonic acid; ADA, adrenic acid; ALA, alpha-linolenic acid; DHGLA, dihomo-gamma-linolenic acid; DPA, docosapentaenoic acid; EPA, eicosapentanoic acid; ETEA, eicosatetraenoic acid; FADS, fatty acid desaturase; GLA, gamma-linolenic acid; LA, linoleic acid; PUFA, polyunsaturated fatty acid; SNP, single nucleotide polymorphism.
genotype (major allele) had signifi cantly higher concentrations of AA (3.9 ± 1.07) compared with individuals with the GT (3.38 ± 1.05) or TT genotype (2.9 ± 0.6; P = 1.66 × 10 Ϫ 7 ). In contrast, the GG genotype showed lower DHGLA concentrations (1.03 ± 0.2) compared with the GT (1.12 ± 0.2) and the TT genotypes (1.26 ± 0.2; P = 0.0015). This suggests that FADS1 activity, as defi ned by its product (AA)/substrate (DHGLA) ratio may be a key determinant of PUFA synthetic capacity in humans. meat products consumed. This dietary heterogeneity adds complexity to the interpretation of in vivo PUFA data at multiple levels. For example, 3 PUFAs compete with 6 PUFAs at several points in the biosynthetic pathway ( Fig.  1 ). In addition, some PUFAs serve as enzymatic substrates for steps early in the pathway, while others serve as product inhibitors for the same enzymatic steps. An isolated population with genetic and environmental homogeneity provides an excellent model for the identifi cation of genetic variants. This has been demonstrated in other isolated populations, such as the Hutterites, Finish, and Amish, for multiple complex disorders like bipolar disease, allergic asthma, and familial combined hyperlipidemia, among others ( 39 ) . Although the Tangier Island population is isolated and inbred, our previous work has demonstrated that inbreeding levels are refl ective of an avoidance of close consanguinity ( 26 ) , rendering Tangier Island generalizable to other European-ancestry populations as refl ected in similar LD patterns and allele frequencies to publicly available databases ( Fig. 2 ; R. A. Mathias, unpublished observations). Collectively, this unique geographically isolated island population presents a remarkable opportunity to analyze the effect of these FADS gene variants on PUFA levels in a setting that may limit the confounding between genetics and the environmental (dietary) factors discussed above.
The current study took a biochemical approach, utilizing both fatty acid profi les (ten 6 and 3 PUFAs) and PUFA ratios (fi ve separate ratios), to evaluate the potential functional consequences of genetic variations in the FADS gene cluster. This approach allowed us to estimate the biochemical effi ciency of FADS1 and FADS2 enzyme activities. One of the greatest surprises from these data is that the FADS1 ( ⌬ 5-desaturase) and not FADS2 ( ⌬ 6-desaturase) step of PUFA biosynthesis appears to be the most highly genetically regulated step in human PUFA biosynthesis. Historically, most studies in this fi eld have pointed to the FADS2 ( ⌬ -6 desaturase) step as being the critical rate-limiting step to the formation of LC-PUFAs, such as AA, EPA, and DHA ( 40, 41 ) . However, many of the studies to date examining rates of PUFA biosynthesis through the various enzymatic steps have been done in rodent models on lowfat diets (typically 5% of calories) ( 42, 43 ) . Studies designed to evaluate the ability of humans to metabolize LA and ALA to LC-PUFAs have shown variable results and are complicated by a background dietary fat content higher than that used in animal studies (reviewed by Brenna et al. ( 44 ) ). As described above from the tests for association and patterns of linkage disequilibrium, the strongest associations in our study are at FADS1 step, and the role of this FADS1 pathway is supported by the inverse relationship in allelic effect between DHGLA and AA levels.
The direction of the effect of the SNPs with respect to fatty acid levels observed in our study is similar to that conserved across different studies, wherein the minor (variant) allele in all selected SNPs was signifi cantly associated with lower concentrations of LC-PUFAs (most notably, AA and EPA) but higher concentrations of LA and ALA ( 30 ) . In our study, the patterns of association with increased trait values DISCUSSION Specifi c genetic variants have been hypothesized to alter the capacity of individuals to convert dietary MC-PUFAs to LC-PUFAs. This is particularly relevant given the high levels of MC-6 PUFAs (e.g., 14-20 LA g/day) commonly obtained in the typical Western diet. High concentrations of LC-PUFAs, such as AA (derived from the conversion of LA to AA), may subsequently infl uence levels of proinfl ammatory eicosanoids, which in turn appear to be associated with elevated markers of low-level systemic infl ammation, such as CRP, and increase the risk for diseases, such as atherosclerosis (34) (35) (36) . To date, this hypothesis has been studied in heterogeneous human populations for which there is also a high intersubject variability in dietary concentrations of MC-and LC-PUFAs and in populations typically ascertained on the basis of specifi c proinfl ammatory clinical conditions.
One of the most diffi cult aspects of understanding the 6/ 3 desaturation/elongation pathway ( Fig. 1 ) in humans is the fact that different dietary fatty acids (from heterogeneous diets) can impact several points the biosynthetic pathway. It is estimated that the daily consumption of PUFAs by humans eating a Western diet is 14-20 g LA, 0.5-1.5g ALA, 50-200 mg AA, and 50-200 mg EPA/DHA ( 37, 38 ) . The quantities and ratios of these dietary PUFAs depends in large part on (1) the quantities of and types of cooking and vegetable oils used and (2) the dairy and for each PUFA are consistent, with the exception of DH-GLA (i.e., the alleles associated with higher concentrations of AA, GLA, EPA, DHA, and ADA are all associated with a lower concentrations of DHGLA). This is not a statistical artifact as would have occurred if the phenotypic correlation between DHGLA and these fatty acids were all negative. All observed pair-wise correlations between DHGLA and AA, GLA, EPA, DHA, and ADA (supplementary Table  II) were positive, making this difference in risk allele particularly interesting. In fact, tests of association on the ratio that measures FADS1 activity in the 6 series (FADS1 6) had the most signifi cant P value observed in our study ( P = 10
) as it best defi nes the effects of these SNP loci on AA and DHGLA (where the allelic effects are opposite on the substrate and product for FADS1 activity). All things being equal (i.e., the same amount of MC-PUFA entering the 6 PUFA biosynthetic pathway), concentrations of the metabolic precursor of FADS1, DHGLA, would be expected to be lower as it is more rapidly converted to AA. In fact, while the proportion of variance in the quantitative trait that is explained by the additive effects at rs174537 is 10% for AA and 6% for DHGLA, it is considerably higher, 24%, for FADS1 activity in the 6 series when relevant PUFAs are factored into the equation.
Recent functional analyses indicated that a polymorphism located in the promoter of FADS2 (rs968567) infl uences the transcription of this gene ( 45 ) . The physical proximity of the 16 SNPs and LD patterns in our data suggests that the strength of association across these SNPs is a function of the high degree of correlation between them. Therefore, it is diffi cult to identify the SNP that best accounts for the variation in the PUFA phenotypes. While there are a few SNPs with strong association signals that fall outside the defi ned LD block that includes FADS1 , the signifi cance of their effects disappeared when they were included in a single regression model that adjusted for effects of SNPs within the LD block (data not shown). Furthermore, while they are not within the LD block, they do appear to have high correlations with the SNPs within the block, and for these reasons, we suggest that most of the genetic contribution from this chromosomal region to FAs in the Tangier Island population appears to come from SNPs in FADS1 .
In summary, we observe a strong relationship between the FADS gene cluster and fatty acid precursors of infl ammatory mediators in a genetically and environmentally homogeneous population of European descent. Importantly, these data point to the FADS1 ( ⌬ 5-desaturase) enzymatic step as the key step in humans where genetic variance among individuals may regulate the effi ciency of the conversion of the high concentrations of MC-PUFAs, such as LA, found in Western diets to potentially infl ammatory PUFAs, such as AA.
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